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Abstract
The herpes simplex virus type 1 (HSV-1) structural tegument proteins pUL36 (VP1/2) and pUL37 are essential for secondary envelopment
during the egress of viral particles. Our laboratory has previously shown that HSV-1 pUL36512–767 fragment interacts with full-length pUL37. A
number of single and double amino acid changes of conserved residues in the pUL36512–767 fragment were generated using alanine-scanning site-
directed mutagenesis. The interaction of pUL36512–767 and pUL37 was then assessed using a combination of yeast two-hybrid and
coimmunoprecipitation assays. Single changes to alanine of pUL36 residues F593 and E596 impaired binding of pUL37 with the greatest effect
observed for the substitution E596A. Double mutations involving either of these residues in combination with the substitution E580A essentially
blocked binding of pUL37. This information will provide the basis for generation of viral mutants to further define the importance of the pUL36/
pUL37 interaction in assembly of HSV-1.
© 2007 Elsevier Inc. All rights reserved.Keywords: UL36; UL37; VP1/2; Herpes simplex virus; Virus assembly; TegumentIntroduction
The herpes simplex virion has four components: an electron
dense core containing the double-stranded DNA genome
(152 kb), the capsid, the tegument and an outer envelope
containing glycoprotein (Roizman and Sears, 1996). Two
pathways have been proposed for viral assembly and egress
from the host cell. The first model for viral assembly and egress
involves the pathway of primary envelopment, deenvelopment
and secondary envelopment (Mettenleiter, 2002; Mettenleiter,
2004; Mettenleiter et al., 2006). After assembly in the nucleus,
the mature herpes simplex virus type 1 (HSV-1) nucleocapsid
(capsid containing DNA genome) undergoes primary envelop-
ment through the inner nuclear membrane into the perinuclear
space. The enveloped particles are deenveloped at the outer
nuclear membrane. Acquisition of inner tegument onto the
capsid precedes secondary envelopment, acquisition of outer
tegument and glycoprotein envelope, in or close to the Golgi.⁎ Corresponding author. Fax: +61 2 9845 9103.
E-mail address: russell_diefenbach@wmi.usyd.edu.au (R.J. Diefenbach).
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doi:10.1016/j.virol.2007.07.005Fully assemblied virions are finally released by exocytosis. A
second pathway for HSVassembly and egress has been recently
proposed, suggesting that nucleocapsids exit directly into the
cytoplasm via damaged nuclear pores before addition of
tegument in the cytoplasm and envelopment at the Golgi
(Leuzinger et al., 2005; Wild et al., 2005). This second pathway
remains to be confirmed by other laboratories.
A number of approaches including viral gene deletion and
the yeast two-hybrid assay have helped to unravel protein–
protein interactions important for assembly and egress of HSV-1
and the related alphaherpesvirus pseudorabies virus (PrV)
(Vittone et al., 2005; Mettenleiter, 2006). The mechanism of
addition of tegument and subsequent envelopment is likely to be
the same. The tegument proteins pUL36 (VP1/2), pUL37 and
pUS3 constitute the inner tegument which immediately
surrounds the capsid while the outer tegument consists
primarily of pUL46 (VP11/12), pUL47 (VP13/14), pUL48
(VP16) and pUL49 (VP22) (Granzow et al., 2005; Mettenleiter,
2006). The outer tegument and glycoprotein self-assemble
within the cytoplasm in a process that is independent from
the addition of the inner tegument to the capsid. Interaction
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to be essential to drive secondary envelopment of the virus
(Mettenleiter et al., 2006).
The inner tegument proteins pUL36 and pUL37 are con-
served across all the alphaherpesviruses. The major tegument
protein pUL36 is the largest herpes virion protein and in the
case of HSV-1 consists of 3164 amino acids (McNabb and
Courtney, 1992a; McNabb and Courtney, 1992b) (Fig. 1A).
Functions attributed to pUL36 include a possible role in nuclear
import of the viral genome during entry (Batterson et al., 1983),
a role in microtubule-dependent intracellular capsid transport
during entry and egress (Luxton et al., 2006; Wolfstein et al.,
2006) as well as possessing deubiquitinating enzyme activity
(Kattenhorn et al., 2005). Little is known regarding the function
of pUL37 except that it is a 120-kDa phosphoprotein of the
tegument (McLauchlan et al., 1994; Schmitz et al., 1995),
coelutes with the single-stranded DNA-binding protein ICP8Fig. 1. Diagram of HSV-1 pUL36 summarizing relevant functional/nonfunctional dom
(A) Domains of note include: a deubiquitinating (DUB) enzyme activity in the N-term
(Kattenhorn et al., 2005); a binding site for pUL48 (this study); a binding site for pUL
proposed binding site for the major capsid protein pUL19 (Baker et al., 2006); a none
essential 62 amino acid C-terminal region based on studies with PrV (Bottcher et al., 2
pUL36 with homologues of pUL36 from the Alphaherpesvirinae subfamily (McGeoc
virus (HVB), Bovine herpesvirus 1 (BHV-1), Bovine herpesvirus 5 (BHV-5), Pseudor
Varicella-zoster virus (VZV), Simian varicella virus (SVV), Marek's disease virus ty
(HVT), infectious laryngotracheitis virus (ILTV) and Psittacid herpesvirus 1 (PsHV-1
genome sequence accession numbers: HSV-1, X14112; HSV-2, Z86099; SA8,
BK001744; EHV-1, AY665713; EHV-4, AF030027; VZV, X04370; SVV, AF27534
PsHV-1, AY372243. Clustal W alignments were generated using Lasergene version
mutagenesis.(Shelton et al., 1994) and in addition contains a nuclear export
signal (Watanabe et al., 2000).
Deletion of the gene for either tegument protein results in a
block of secondary envelopment and an accumulation of
unenveloped nucleocapsids in the cytoplasm (Desai, 2000;
Desai et al., 2001; Klupp et al., 2001). It has been shown for PrV
that in the absence of pUL37, pUL36 is still added to capsids
through a proposed direct interaction with the major capsid
protein pUL19 (VP5) (McNabb and Courtney, 1992b; Baker et
al., 2006), which suggests that pUL36 is added first to
assembled capsids before addition of pUL37 (Klupp et al.,
2001). Both pUL36 and pUL37 have recently been shown to be
associated with intranuclear HSV-1 capsids suggesting that the
process of initial tegumentation may begin in the nucleus
(Bucks et al., 2007). In addition, pUL37 has been shown to
interact directly with pUL36 in a number of alphaherpesviruses
including HSV-1 (Vittone et al., 2005), PrV (Klupp et al., 2002)ains along with single amino acid substitutions in pUL36 generated in this study.
inus (within the first 500 amino acids) with an essential cysteine at position 65
37 important for tegument assembly (Klupp et al., 2002; Vittone et al., 2005); a
ssential internal region based on a study with PrV (Bottcher et al., 2006); and an
006; Lee et al., 2006). (B) Alignment of amino acid residues 577–606 of HSV-1
h et al., 2006). Family members include HSV-1, HSV-2, Simian agent 8 (SA8), B
abies virus (PrV), Equine herpesvirus 1 (EHV-1), Equine herpesvirus 4 (EHV-4),
pe 1 (MDV-1), Marek's disease virus type 2 (MDV-2), Herpesvirus of Turkey
). The encoded pUL36 sequences were obtained from the following herpesviral
AY714813; HVB, AF533768; BHV-1, AJ004801; BHV-5, AY261359; PrV,
8; MDV-1, AF24338; MDV-2, AB049735; HVT, AF291866; ILTV, AF168792;
7.0 MegAlign from DNA star. Asterisk indicates residues that were targeted for
Fig. 2. Single substitutions of amino acids in the pUL37-binding site of pUL36.
(A) Summary of yeast two-hybrid quantitative liquid β-galactosidase assay for
the interaction of Bait/pUL36512–767 wild type or mutant with Target/full-length
pUL37. Negative control was Bait/pUL36512–767 wild type with Target/no
insert. (B) Expression of Bait/pUL36512–767 wild type or mutant in yeast. Protein
complexes were separated by SDS-PAGE (4–20%) and immunoblotted with
mouse anti-LexA monoclonal antibody.
Fig. 3. Double substitutions of amino acids in the pUL37-binding site of pUL36.
(A) Summary of yeast two-hybrid quantitative liquid β-galactosidase assay for
the interaction of Bait/pUL36512–767 wild type or double mutants with Target/
full-length pUL37. (B) Expression of Bait/pUL36512–767 wild type or mutant in
yeast. Protein complexes were separated by SDS-PAGE (4–20%) and
immunoblotted with mouse anti-LexA monoclonal antibody.
28 B. Mijatov et al. / Virology 368 (2007) 26–31and Varicella-zoster virus (VZV) (Uetz et al., 2006). For HSV-1
and PrV the minimal binding domain in pUL36 for pUL37 has
been mapped to the amino terminus (Klupp et al., 2002; Vittone
et al., 2005) and is distinct from the deubiquitinating activity of
pUL36 (Kattenhorn et al., 2005). It should be noted that in the
case of PrV a viral mutant has been generated which has an in
frame 238 amino acid deletion of the pUL37-binding site in
pUL36 (Fuchs et al., 2004). Based on a coimmunoprecipitation
assay the pUL36 in frame deletion blocked binding of pUL37 to
pUL36 although whether pUL37 was still packaged into virions
in a pUL36-independent manner was not conclusively shown
(Fuchs et al., 2004). This virus demonstrated accumulation of
nucleocapsids in the cytoplasm (Fuchs et al., 2004), suggesting
an inhibition in secondary envelopment, as observed for a PrV
UL37 deletion mutant (Klupp et al., 2001). Recently two studies
have indicated that the C-terminal 62 amino acids of pUL36 are
essential for replication of PrV but the precise role of this region
has yet to be clarified (Bottcher et al., 2006; Lee et al., 2006). In
addition, a nonessential, at least in cell lines, internal C-terminal
709 amino acid region in PrV pUL36 has been recently
identified (Bottcher et al., 2006).
As a first step in defining whether the interaction of pUL37
with pUL36 is absolutely essential for assembly and egress of
HSV-1 we set out to define the interaction at the amino acid
level. In this study we have identified key conserved amino acid
residues in pUL36 that are essential for the binding of pUL37.
Single and double alanine substitutions were engineered into
pUL36 and tested for binding against pUL37 using a com-
bination of the yeast two-hybrid and coimmunoprecipitation
assays.Results
Yeast two-hybrid assay to map the pUL37-binding site in
pUL36
The current known or proposed interacting sites of HSV-1
pUL36 include those for HSV-1 structural proteins pUL48,
pUL37 and pUL19 (Fig. 1A). Previously, we identified residues
512–767 of pUL36 from HSV-1 as containing the minimal
binding region for pUL37 (Vittone et al., 2005). Alignment of
the HSV-1 pUL36 region 512–608 (chosen on the basis that the
minimal pUL37-binding site in PrV pUL36 maps to amino
acids 453–608 (Klupp et al., 2002)) with sequences obtained for
15 other alphaherpesviruses (McGeoch et al., 2006) reveals a
number of conserved residues that are located within residues
579–601 (Fig. 1B). These pUL36 residues were subsequently
targeted for site-directed mutagenesis in a background of Bait/
pUL36512–767 and assessed for their ability to bind Target/
pUL37 using the yeast two-hybrid assay (Fig. 2A). When β-
galactosidase activity was quantified using a liquid assay the
most significant reduction in binding of pUL37 was observed
Fig. 4. The dual substitution E580A/E596A in pUL36 specifically blocks
binding of pUL37 and not the binding of pUL48. (A) Yeast two-hybrid
quantitative liquid β-galactosidase assay of the interaction of Bait/pUL361–767
wild type or E580A/E596Awith Target/full-length pUL37 or Target/full-length
pUL48. For the mutation pUL36 E580A/E96A, binding of pUL37 was reduced
to 12% relative to wild type while binding of pUL48 was reduced to 78%
relative to wild type. (B) Expression of Bait/pUL361–767 wild type or mutant in
yeast. Protein complexes were separated by SDS-PAGE (4–20%) and
immunoblotted with mouse anti-LexA monoclonal antibody.
Fig. 5. Coimmunoprecipitation assay confirms pUL36 residues F593 and E596
are required for binding of pUL37. HeLa cells were co-transfected with
expression plasmids encoding myc-tagged pUL36512–767 and HA-tagged full-
length pUL37. Cell lysates were harvested at 48 h post-transfection and
immunoprecipitated with mouse anti-myc monoclonal antibody. Protein
complexes were separated by SDS-PAGE (4–20%). (A) Immunoblot with
rabbit anti-HA polyclonal antibody. (B) Immunoblot with mouse anti-myc
monoclonal antibody. The positions of pUL36512–767 (30 kDa) and pUL37
(120 kDa) are indicated.
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(12% of wild type). Significant reduction was also observed for
L579A (55% of wild type) and R600A (59% of wild type) but in
no case was binding completely abolished (Fig. 2A). Interest-
ingly, substitution of the most conserved residues N597 and
G598 had no effect on binding of pUL37 and as such are
presumably important for some other function of pUL36. A
more conservative substitution of Q for E at position 596, which
occurs naturally in BHV-1 and BHV-5 (Fig. 1B), was also
tested. Again binding to pUL37 was significantly reduced (36%
of wild type), though to a lesser extent than E596A (Fig. 2A).
This indicates that the negative charge of E596 in pUL36 plays
some role but is not absolutely essential for binding of pUL37.
A conservative change of F593Y, as found in MDV-1, MDV-2
and HVT (Fig. 1B), can also be tolerated (Fig. 2A). Each of the
Bait/pUL36512–767 single amino acid substitutions was expres-
sed in yeast at equivalent levels to wild type (Fig. 2B).
Following on from single amino acid substitutions, a number
of double amino acid substitutions with alanine in Bait/pUL36512–767 were generated and again tested for binding to
Target/full-length pUL37 using the yeast two-hybrid assay. The
double substitutions were based primarily on substituting at
least one of the residues F593 and E596 in pUL36 as these gave
the greatest reduction when substituted individually. Most
impaired for binding to pUL37 were double pUL36 substitu-
tions involving E580A and F593A or E596A combinations
when assessed using the quantitative yeast two-hybrid liquid
assay (Fig. 3A). The reduction in binding was generally greater
than for any of the single substitutions involving these residues.
Interestingly, L579A/E580Awas also significantly impaired for
binding of pUL37. Although individually these residues appear
not to be essential (Fig. 2A) substitution of both cannot be
tolerated in the context of binding of pUL37. In addition, there
were three double substitutions (E580A/N597A, F587A/
G598A and R589A/T601A) that had around 50% or more of
wild-type activity (Fig. 3A). The fact the binding is not as
significantly impaired for these mutations suggests that the
combined effect seen with the other double mutations is specific
to that combination. Each of the Bait/pUL36512–767 double
amino acid substitutions was expressed in yeast at equivalent
levels to wild type (Fig. 3B).
To further ascertain whether the observed reduction in bind-
ing observed for the pUL36512–767 dual mutants was a specific
effect, the binding of the E580A/E596A mutated pUL36, which
was completely impaired for binding of pUL37 (Fig. 3A), was
tested as pUL361–767 for concurrent binding to pUL48 as a
positive control and to pUL37. The reason for doing so was
based on the fact that this fragment of pUL36 can bind both
pUL37 and pUL48 in the yeast two-hybrid assay (Vittone et al.,
2005). In addition, the binding site for pUL48 maps to residues
124–511 of pUL36 (unpublished observations) so mutations
introduced into region 512–767, if specific, should not affect
the binding of pUL48. Again interactions were assessed using
the quantitative yeast two-hybrid liquid assay. The binding of
pUL361–767 E580A/E596A to pUL37 was reduced to 12% of
wild-type pUL361–767 while binding of pUL361–767 E580A/
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and insignificantly different (Fig. 4A). Bait/pUL361–767
E580A/E596A was expressed in yeast though at lower levels
then wild type (Fig. 4B).
Coimmunoprecipitation assay
To confirm the yeast two-hybrid mutational analysis a
coimmunoprecipitation assay using myc-tagged pUL36512–767
and HA-tagged pUL37 was performed. Only the most
significant single mutations were chosen for testing in the
coimmunoprecipitation assay as proof of principle that the yeast
two-hybrid assay was a valid approach for mutagenesis of
pUL36. Testing of pUL36512–767 F593A and E596A showed a
significant reduction in binding of pUL37 for both mutations in
agreement with the yeast two-hybrid analysis (Fig. 5A).
Equivalent amounts to wild type of these single mutations
were expressed and eluted from capture beads making direct
comparisons valid (Fig. 5B).
Discussion
The major essential tegument protein pUL36 is conserved
across all of the Herpesviridae family. This protein is by far the
largest of all of the proteins of this viral family and in the case of
HSV-1 the protein is 3164 amino acids in length. Given the size
of pUL36 it is likely to have multiple functions in the replication
cycle of herpesviruses through various protein–protein interac-
tions. A number of conserved functional domains of pUL36
have been recently identified that are involved in interactions
with both cellular and viral proteins. These include a novel
domain that encodes deubiquitinating activity, which in the case
of HSV-1 maps to the N-terminal 420 amino acids and includes
an active-site cysteine at position 65 (Kattenhorn et al., 2005;
Schlieker et al., 2005). The precise role of this deubiquitinating
activity is not clear and in the case of PrV deletion of this
domain suggests that it is not essential for viral replication, at
least in cell lines (Lee et al., 2006). An internal 709 amino acid
region corresponding to positions 2087 to 2795 of PrV pUL36
was also shown to be nonessential for viral replication in cell
lines (Bottcher et al., 2006). This region is less well conserved
but appears to be rich in alanine and proline residues (Bottcher
et al., 2006). Two independent studies, also on PrV pUL36,
have shown that the C-terminal 62 amino acids are essential for
viral replication (Bottcher et al., 2006; Lee et al., 2006). This
region may provide a contact site for interaction with capsids
during viral assembly (Lee et al., 2006).
The focus of this study was the previously described
interaction site in the N-terminus of pUL36 for the tegument
protein pUL37 (Klupp et al., 2002; Vittone et al., 2005).
Extensive site-directed mutagenesis was then performed,
targeting residues in this region that showed the highest
conservation across the Alphaherpesvirinae family. HSV-1
pUL36 residues F593 and E596 were identified as key in the
binding of pUL37 using a combination of yeast two-hybrid and
coimmunoprecipitations assays. Both residues are highly
conserved and only the most conservative changes to tyrosineand glutamine respectively at these positions appear to be
tolerated (Fig. 2A). In the case of E596 testing of a natural
substitution with glutamine (present in BHV-1 and BHV-5)
did abrogate binding to HSV-1 pUL37, though to a lesser
extent than substitution with alanine. The possibility exists
that this may be compensated by an additional natural
variation in the pUL36-binding site of pUL37 from BHV-1
and BHV-5. Additional minor contributions to binding of
pUL37 appear to be made by the less well conserved pUL36
residues L579 and R600A. Introduction of dual substitutions
involving pUL36 residues F593 and E596 resulted in
complete loss of the binding of pUL37. Surprisingly, the
pUL36 dual substitution involving residues L579 and E580A
was also unable to bind pUL37. This reveals a significant
contribution particularly from pUL36 E580 that was not
apparent in the single substitutions. The possibility that the
mutations reflect non-specific conformational changes is
unlikely as the dual substitution of pUL36 residues E580 and
E596, which also results in significant loss of binding of pUL37,
did not effect binding of pUL48, another tegument protein
known to bind to pUL36 (Vittone et al., 2005).
Overall, this suggests that the pUL37-binding site is a linear
epitope contained within pUL36 residues 579–601 with a
number of essential primary contacts and additional nonessen-
tial redundant secondary contacts. This current study now paves
the way for the generation of HSV-1 viral mutants with
introduced pUL36 mutations that block addition of pUL37. If
assembly is blocked, whether partial, as found for PrV (Fuchs et
al., 2004) or complete, then this could form the basis for the
design of small molecule inhibitors to target viral assembly.
Materials and methods
Expression constructs
The HSV-1 UL36 open reading frame (ORF) fragment
encoding amino acids 512–767 cloned into displayBait and
pCMVmyc and UL36 ORF fragment encoding amino acids
1–767 cloned into displayBait has been previously described
(Vittone et al., 2005). HSV-1 full-length UL37 and UL48 ORFs
cloned into displayTarget and full-length UL37 ORF cloned
into pCMVHA have also been previously described (Vittone
et al., 2005). Mutations in the context of pUL36512–767 were
made using the QuikChange® II XL Site-Directed Mutagenesis
Kit (Stratagene). Oligonucleotide primer pairs for introducing
predominantly alanine substitutions were designed using the
web-based program PrimerX (http://bioinformatics.org/primerx).
Yeast two-hybrid assay
The use of the LexA-based yeast two-hybrid assay to
determine the interaction of pUL36 and pUL37 has been
previously described (Vittone et al., 2005). The protocols for
qualitative assessment of protein–protein interactions, quanti-
fication of each positive interaction using a β-galactosidase
assay and determination of protein expression in yeast were as
previously described (Vittone et al., 2005).
31B. Mijatov et al. / Virology 368 (2007) 26–31Coimmunoprecipitation assay
Growth, transfection and harvesting of HeLa cells were as
previously described (Vittone et al., 2005). Generation of lysates
and subsequent processing with the Profound mammalian
c-myc tag coimmunoprecipitation kit (Pierce) was also as
previously described (Vittone et al., 2005).
Analysis of protein complexes
Proteins were separated by SDS-PAGE and for analysis of
expression in yeast or for coimmunoprecipitation experiments,
immunoblots were processed as previously described (Vittone
et al., 2005). Detection was performed with an Odyssey Infra-
red Imaging system (Licor-Biosciences). Primary antibodies
used included rabbit polyclonal antibody against hemagglu-
tinin (HA), mouse monoclonal against LexA (both from Santa
Cruz Biotechnology) and mouse monoclonal against c-myc
(Clontech). Secondary antibodies for the Odyssey system
included goat anti-mouse Alexa Fluor 680-conjugated IgG
(used at 1:2000 dilution; Molecular Probes) and goat anti-
rabbit IRdye800-conjugated IgG (used at 1:5000 dilution;
Rockland Inc).
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